1. Background {#sec1}
=============

Gram-negative bacteria actively secrete outer membrane vesicles (OMVs), which are nanosized lipid vesicles with periplasmic proteins and surface associated membrane proteins \[[@bib1], [@bib2]\]. The production of OMVs have been shown to play various physiological and protective roles and are secreted by bacteria throughout their lifecycles \[[@bib3], [@bib4]\]. Secreted OMVs accomplish these roles through interacting with the environment of the bacterium during survival situations such as the enzymatic neutralization of human serum [@bib5], acting as decoys to be targeted by antibiotics and carrying antibiotic-degrading enzymes [@bib6] and through the formation of biofilms [@bib7], therefore promoting the pathogenesis of the bacterium.

It has been shown that some avian pathogenic *Escherichia coli* (APEC) species can increase OMV biosynthesis through the acquisition of the *hlyF* gene [@bib8]. Hemolysin F (*hlyF*) as the name suggests, was alleged to be an avian haemolysin often associated with avian pathogenic *Escherichia coli* [@bib9]. The erroneous naming of this haemolysin was due to the haemolytic activity gained by *E. coli* MG1655 cells after the introduction and subsequent over-expression of *hlyF*. This was later shown by Murase et al. [@bib8] to have been due to the transport of a native haemolysin, cytolysin A which is natively produced by this strain, within *E. coli* MG1655 to the extracellular environment by the *hlyF*-induced OMVs. Literature indicates that *hlyF* is an important virulence factor and of pathological importance in screening of potential APEC isolates \[[@bib10], [@bib11]\].

Subsets of genes in various Gram-negative bacteria have been found to be associated with OMV biosynthesis and their functions on the cells have been investigated \[[@bib12], [@bib13], [@bib14]\]. However, the association of *hlyF* over-expression with OMV biogenesis has newly been described and therefore the effects on the expressing cell is partial [@bib8]. During OMV biosynthesis, outer-membrane proteins are incorporated into the OMVs, where proteins are scavenged from the cell-membrane, potentially leading to the loss of functions attributed by these cell wall proteins, unless there are regulatory changes involved in the expression levels of the genes to counteract the scavenging of these cell wall/membrane proteins. This study thus investigates the gene-regulation of two abundant outer-membrane proteins, namely outer-membrane proteins A and F, encoded by *ompA* and *ompF* associated with *hlyF*-induced OMVs. Outer-membrane protein A has been shown to be involved in stabilizing the structure of the peptidoglycan and the outer-membrane of *E. coli* [@bib15], which can potentially be influenced by cell-membrane destabilization during OMV formation and release. The gene of Outer-membrane protein F has been shown to be regulated by the *ompR* gene product during osmotic pressures applied to *E. coli* cells [@bib16], so during OMV production, speculatively, it is unlikely to be influenced by *hlyF* expression unless the formation of OMV influences the osmolarity of the cell, by some other unknown mechanism.

2. Methods {#sec2}
==========

2.1. Production of Haemolysin F pET22b(+) constructs in *E. coli* BL21 (DE3) cells {#sec2.1}
----------------------------------------------------------------------------------

The *hlyF* gene was amplified from the APEC strain 1080, which had previously tested positive for the presence of *hlyF* [@bib17]. The translated sequence of the *hlyF* gene of this strain shares 99,7 % amino acid homology to the reference sequence in the NCBI database (Accession number [NC_011964.1](ncbi-n:NC_011964.1){#intref0010}). The *hlyF* gene was amplified using the primers hlyF-pet22-FP 5′-GG[GAATTC]{.ul}ATGGATCCTCGTCTTGATG-3′ and hlyF-pet22-RP 5′-GG[CTCGAG]{.ul}TTATTTAAAATCAACTTCCATTTGTTG-3' (Integrated DNA Technologies). The forward and reverse primers were designed with incorporated *Eco*RI and *Xho*I restriction recognition sites (underlined) respectively, for cloning into pET22b(+) (Novagen).

Standard molecular biology techniques were carried out as described by literature [@bib18], and enzymes were applied according to the manufacturers\' specifications. Amplicons from PCR were sub-cloned into the pGEM®-T Easy Vector System (Promega), using *E. coli* 10-β cells (New England Biolabs). The sequences of the cloned inserts were determined using Sanger sequencing with the SP6-promotor and T7-terminator primers (Integrated DNA Technologies). Consensus sequences were subjected to BLAST searches against the NCBI sequence database [@bib19] for the confirmation of the sequences.

The *hlyF* gene was transferred from the pGEM®-T Easy vector into the pET22b(+) vector using the *Eco*RI and *Xho*I restriction endonucleases (Thermo Fisher Scientific). The digested DNA fragments were purified from 2 % LM-sieve agarose gels (Lonza) using the Wizard® SV Gel and PCR Clean-Up System (Promega). The digested gene inserts were ligated into pET22b(+), and the recombinant plasmids were used to transform *E. coli* BL21 (DE3) (New England Biolabs).

The plasmids were extracted using the Qiagen QIAprep Spin Miniprep kit (Whitehead Scientific) after a 24-hour incubation period in Luria-Bertani (LB) broth (10 g/L tryptone, 10 g/L NaCl, 5 g/L yeast extract) at 37 °C supplemented with 100 ug/mL ampicillin. The presence of the inserted *hlyF* region was confirmed by PCR, and the sequences were obtained using Sanger sequencing with the T7-promotor and T7-terminator primers (Integrated DNA Technologies), which amplifies the cloning site of pET22b(+). As a control, an empty pET22b(+) was cloned into *E. coli* BL21 (DE3) as described above.

2.2. Transmission electron microscopy (TEM) analysis of OMV production {#sec2.2}
----------------------------------------------------------------------

The transformed cells described above were inoculated into two LB media tubes containing 100 ug/mL ampicillin. One of the tubes received IPTG to a final concentration of 1 mM to induce *hlyF* expression while another tube served as control. Both tubes were incubated at 37 °C for 16 hours. Cell pellets were harvested through centrifugation and mixed with bacteriological agar. Small cubes were cut (1 mm^3^), fixed with osmium tetroxide and glutaraldehyde and dehydrated sequentially with increasing acetone concentrations. The dehydrated cubes were impregnated into epoxy and subjected to an ultramicrotome for sectioning to roughly 50 nm slices. The sections were placed on a copper grid and stained with uranyl acetate and lead citrate followed by transmission electron microscopy (TEM) analysis on a Philips CM100 TEM (Philips Electron Optics).

2.3. RNA extraction and quality analysis {#sec2.3}
----------------------------------------

Total RNA was extracted and purified using the Qiagen RNeasy Mini Kit (Whitehead Scientific) following the manufacturer\'s specifications and an on-column DNase (RNase-free DNase set by Qiagen) was performed to remove any contaminating DNA from the extracted RNA. Concentrations of the extracted total RNA was measured using a NanoDrop ND-1000 spectrophotometer. RNA quality was determined by a 2100 Agilent Bioanalyzer using the Agilent RNA 6000 Pico Kit according to the manufacturer\'s specifications.

2.4. cDNA synthesis using random oligos {#sec2.4}
---------------------------------------

cDNA was synthesized from the extracted RNA using the High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems) as per the manufacturer\'s instructions.

2.5. Primer design for qPCR assays {#sec2.5}
----------------------------------

Primer pairs as listed in [Table 1](#tbl1){ref-type="table"} were designed for regions within the genes of interest and analysed with the Oligo Analyzer® v3.1 tool (Integrated DNA Technologies) to yield primer pairs with melting temperatures close to 58 °C to allow for optimal annealing of the primer pairs during the same cycling conditions and with thermodynamic attributes hindering the formation of hairpins and dimers.Table 1Primer sequences and target regions are tabulated for the six primer pairs used in this study. The source of each primer pair is indicated in the last column.Table 1Target genePrimer namePrimer sequence (5′ -- 3′)CategoryMelting Temperature (°C)Reference*hlyF*hlyF-pet22-FPGG[GAATTC]{.ul}ATGGATCCTCGTCTTGATGCloning59,1This studyhlyF-pet22-RPGG[CTCGAG]{.ul}TTATTTAAAATCAACTTCCATTTGTTG58,6*cysG*cysG-qPCR-FPTTGTCGGCGGTGGTGATGTCReference60,3Zhou *et al.*, [@bib20]cysG-qPCR-RPATGCGGTGAACTGTGGAATAAACG57,9*hcaT*hcaT-qPCR-FPGCTGCTCGGCTTTCTCATCCReference58,7Zhou *et al.*, [@bib20]hcaT-qPCR-RPCCAACCACGCTGACCAACC59,3*idnT*idnT-qPCR-FPCTGTTTAGCGAAGAGGAGATGCReference55,5Zhou *et al.*, [@bib20]idnT-qPCR-RPACAAACGGCGGCGATAGC58,9*ompA*ompA-qPCR-FPTGGACCAACAACATCGGTGACTarget57,6This studyompA-qPCR-RPCAACTACTGGAGCTGCTTCGC58,3*ompF*ompF-qPCR-FPTGCTTATGGTGCCGCTGACTarget58,2This studyompF-qPCR-RPCGTAGTTCGACTGCCAGGTAG57,7

2.6. Relative quantitative real-time PCR (qPCR) {#sec2.6}
-----------------------------------------------

The assays were performed in biological duplicates and technical triplicates. The qPCR was performed as per the manufacturer\'s instructions using the LightCycler® FastStart DNA Master^PLUS^ SYBR Green I kit (Roche) on a LightCycler® 2.0 (Roche) capillary instrument. Each experimental run was performed with the primer pairs for the selected reference gene, *ompA* and *ompF* target genes, and no-template controls (NTC) for each primer pair. The following temperature cycling conditions were used for all reactions: An initial denaturation step at 95 °C for 10 minutes, followed by amplification, which included 95 °C for 10 seconds, 55 °C for 10 seconds and 72 °C for 7 seconds. Melting curve analysis was performed at 65 °C for 1 minute followed by 0.1 °C/s increases up to 95 °C. All the data was analysed on the LightCycler® 2.0 software version 4.1 (Roche).

2.7. Standard curves {#sec2.7}
--------------------

Standard curves for all the qPCR primer pairs were performed in triplicate by creating two-fold dilution series of cDNA with five data points. The efficiency values for each primer pair were calculated on the LightCycler® 2.0 software version 4.1.

2.8. Reference gene selection {#sec2.8}
-----------------------------

Zhou et al. [@bib20] conducted a study during which microarray data was obtained for 63 *E. coli* strain BL21 (DE3) transformants during the over-expression of 63 distinct recombinant proteins [@bib20]. This data was used to select for constitutively expressed genes during various conditions to select for candidate reference genes for qPCR. Three genes were identified as reliable and novel reference genes, namely *cysG*, *idnT* and *hcaT*, as ideal genes to monitor during transcription analysis during recombinant protein expression studies in *E. coli*. These three genes respectively encode for a siroheme synthase, L-idonate and D-gluconate transporter and a putative 3-phenylpropionic transporter and were tested in this study.

The triplicate Cq values obtained for the three reference genes\' (*idnT*, *cysG* and *hcaT*) standard curves were analysed on the RefFinder tool to select a stable reference gene for this study [@bib21].

2.9. Experimental setup {#sec2.9}
-----------------------

Gene expression profiles for the three genes (*cysG, ompA, ompF*) were carried out on the cDNA synthesised from the total RNA extracted from lactose-induced transformed *E. coli* cells either with or without (as control) *hlyF* inserted into in the pET22b(+) plasmid at three different time points post-induction -- 4, 8 and 24 hours. This process was repeated to serve as a biological replicate. The data obtained were used to calculate the relative expression ratios during this 24 hours of gene expression.

2.10. Calculation of relative expression ratios {#sec2.10}
-----------------------------------------------

The relative expression ratios of the *ompA* and *ompF* genes were calculated relative to the reference gene during both *hlyF* expressing and non-expressing cells by using the Pfaffl equation ([Equation 1](#fd1){ref-type="disp-formula"}) [@bib22]. The Pfaffl equation incorporates qPCR Cq values from two different conditions, in this case *hlyF* expressing and non-expressing cells, of the target two genes and reference gene to indicate any potential effects of the different conditions on the target genes\' expression.

**Equation 1**: The Pfaffl equation adapted from Pfaffl [@bib22]. Ratio is the relative expression ratio of the target gene of interest (*ompA* or *ompF*) to that of the reference gene (*cysG*). E~target~ is the PCR efficiency value of the target gene (*ompA* or *ompF*) obtained from its standard curve. ΔCq~target~ is the difference between the Cq values of the target gene (*ompA* or *ompF*) obtained in the control sample and the experimental sample. E~reference~ is the PCR efficiency value of the reference gene (*cysG*) PCR obtained from its standard curve. ΔCq~reference~ is the difference between the Cq values of the reference gene (*cysG*) obtained in the control sample and the experimental sample.$$ratio = \frac{\left( \text{E}_{\text{target}} \right)^{\Delta Cq_{target}{(control - sample)}}}{\left( \text{E}_{\text{reference}} \right)^{\Delta Cq_{reference}{(control - sample)}}}$$

3. Results {#sec3}
==========

Cloning and transformation into *E. coli* 10-β and BL21 (DE3) was successful with both the empty pET22b(+) vector and the pET22b(+) containing the PCR-amplified *hlyF* insert. Sequence data obtained from the pET22b(+) containing the insert confirmed the correct orientation of the gene and no mutations which could result in the protein not being transcribed and translated correctly and 99.5 % homology was obtained with the *hlyF* reference sequence (Accession number [NC_011964.1](ncbi-n:NC_011964.1){#intref0015}).

The effect of HlyF protein production was tested by preparing the IPTG-induced and uninduced transformant for TEM to observe any OMV-like structures. Transmission electron microscope micrographs indicated various electron-transparent extracellular membranous vesicles in the sample treated with 1 mM IPTG while the untreated cells show minimal extracellular material near the bacterial cells ([Fig. 1](#fig1){ref-type="fig"}).Fig. 1TEM view of a section of control cells (A) showing no visible OMVs in the vicinity of the cells. Cells over-expressing *hlyF* under IPTG induction (B) with a visible OMV being released from the cell as indicated by the arrow.Fig. 1

The standard curves generated during qPCR for each gene produced efficiency values between 1.83 and 2.0 for the primer pairs. The Cq values from the standard curves for the potential reference genes, which were subjected to the RefFinder tool indicated that *idnT* and *cysG* were the most stable of the three reference genes and *cysG* was ultimately selected as the reference gene of choice for this study due to the lower expression levels of *idnT* (Supplementary Data 1).

The Cq values obtained from the qPCR of the target genes *ompA* and *ompF* with *cysG* as the reference gene were analysed using the Pfaffl equation and the data plotted in [Fig. 2](#fig2){ref-type="fig"} (Supplementary Data 2). Outer-membrane protein F showed a nearly 2-fold down regulation (0.616-fold change as shown in [Table 2](#tbl2){ref-type="table"}) during the 24 hours under *hlyF* expressing conditions while *ompA* was expressed at the same level as the non-expressing cells during the first 8 hours of expression. At 24 hours post-*hlyF* expression however, *ompA* was up-regulated 4-fold (4.099-fold change in [Table 2](#tbl2){ref-type="table"}).Fig. 2Bar graph with standard deviations indicated by error bars, showing the fold change in gene expression levels relative to the reference gene during *hlyF* expressing and non-expressing conditions, according to the Pfaffl equation. An overall down regulation for *ompF* can be observed for the three time intervals, while *ompA* stays constant until a period between 8 and 24 hours is reached, leading to strong upregulation of the gene.Fig. 2Table 2Data of the relative expression fold changes for each gene at the different time intervals are indicated for each biological replicate. Each value was calculated from the mean of triplicate Cq values used in the Pfaffl equation. The mean fold change is indicated in the last three columns.Table 2GeneBiological Replicate 1Biological Replicate 2Mean Relative Expression Fold[1](#tbl2fn1){ref-type="table-fn"} ChangeRelative Expression at 4hRelative Expression at 8hRelative Expression at 24hRelative Expression at 4hRelative Expression at 8hRelative Expression at 24h4h8h24h*ompA*1.0220.9672.6761.2301.2785.5211.1261.1234.099*ompF*0.2770.4650.5500.5580.2870.6810.4180.3760.616[^1]

4. Discussion {#sec4}
=============

Outer membrane vesicles are extracellular lipid structures produced by Gram negative bacteria and have been linked to virulence [@bib8], antimicrobial resistance \[[@bib3], [@bib23]\] and resistance to bacteriophages [@bib3]. The recently observed effect of outer-membrane vesicle formation during *hlyF* overexpression and the potential benefits a cell gains from the biogenesis of OMVs, as discussed, gives a potential explanation as to why this gene has been highly associated with APEC and is considered one of the five minimal predictors of virulence in poultry [@bib10].

The OMVs produced during *hlyF* overexpression, similarly reported as with other *E. coli* OMV biosynthesis processes, contain various proteins from the host cell found in the periplasmic space and the outer membrane of the cell wall \[[@bib1], [@bib2]\]. Outer-membrane protein A is required by the cell to maintain membrane-peptidoglycan stability \[[@bib24], [@bib25]\]. The OmpA protein was observed in OMVs formed during *hlyF* overexpression and is expected to have been scavenged from the membrane of expressing cells. Therefore, the cell membrane stability would be compromised unless the cell compensates for the loss by increased expression of *ompA* or by some other unknown mechanism. Outer-membrane protein F, which is also present in *hlyF*-induced OMVs, is involved during changing osmotic pressure conditions of cells [@bib16]. As they are also scavenged from the host cell during OMV formation, this could lead to the cell being susceptible to changes in osmotic pressure unless there is a mechanism in place to counter this. Therefore, scavenging of proteins such as OmpA and OmpF from the cell wall can compromise the cell integrity and ability to survive osmotic stresses. However, gene expression regulation could potentially be playing a role in replenishing the cell wall with these proteins. In contrast, it has been shown that low levels of expression of *ompA* can also lead to increased OMV production [@bib26] -- which is expected as a lack of OmpA will lead to a destabilized cell wall due to decreased peptidoglycan-outer-membrane interactions, however this was not the case as supported by the qPCR data obtained in this study nor was any cell wall destabilisation observed during TEM. There is the additional possibility that *hlyF* over-expression leads to decreased *ompA* expression, which leads to OMV formation due to this effect. As OmpF is only situated in the outer membrane and does not directly interact with the peptidoglycan, it is doubtful that a change in *ompF* expression will have a similar role.

In this study, qPCR results show that OMV biogenesis during *hlyF* overexpression is not related to a decrease in *ompA* expression and is therefore speculated to be accomplished through a different mechanism. We hypothesise that the eventual increase in *ompA* expression observed between 8 and 24 hours was possibly due to some as yet uncharacterised mechanism in the cells to stabilize the cell wall to prevent extensive cellular leakage and cell lysis.

The expected decrease in OmpF protein abundance on the outer cell membrane, due to the scavenging process of OMV biosynthesis, would likely leave the cells more susceptible to osmotic stresses. An insignificant down regulation of a less than 1 log fold-change as shown in [Fig. 2](#fig2){ref-type="fig"} in *ompF* expression levels was observed during the three intervals tested during *hlyF* overexpression in comparison to the control. Therefore, the data does not support the possibility of a compensatory mechanism to counteract the scavenging of this protein.

5. Conclusions {#sec5}
==============

The regulatory effects of the newly described OMV biosynthesis-related gene *hlyF* on *E. coli* has not been fully investigated. As *hlyF*-induced OMVs contain OmpA and OmpF scavenged from the host cell, potential regulatory effects on the host was investigated. An increase in *ompA* expression and an insignificant decrease in *ompF* expression was observed. It can be speculated that the increase in *ompA* expression is to counteract the scavenging of OmpA from the cell, which is necessary to maintain the outer-membrane-peptidoglycan interaction to stabilise the cell wall. From the results, it can also be deduced that OMV biosynthesis is not related to decreased *ompA* expression during *hlyF* overexpression, which is one of the potential mechanisms as shown in literature for OMV biosynthesis [@bib27]. Outer-membrane vesicle biosynthesis during *hlyF* overexpression is thus potentially accomplished through a different mechanism(s).
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[^1]: Fold change values \<1 indicate a decrease in expression, = 1 no change in expression and \>1 indicates increase in expression levels relative to the control cells lacking *hlyF*.
